The interactions between three small molecules, water (H2O) , sulfur dioxide (SO2) and acetone ( (CH3)2CO ) with the ionic liquid (IL) 1-octyl-3-methylimidazolium tetrafluoroborate, [OMIM][BF4], have been determined using line of sight temperature programmed desorption (LOSTPD) from a gold surface. Multilayers of the IL were deposited by physical vapour deposition with multilayers of the small molecular species (adsorbed from the gas phase) at 90 K. LOSTPD was then carried out with the small molecular species desorbing first from the mixed multilayer, followed at higher temperatures by desorption of the IL from the gold surface. The IL had a high activation energy for desorption of 126(6) kJ mol -1 . Pure acetone showed a desorption activation energy of 38(2) kJ mol -1 , which increased to 45 -61 kJ mol -1 when it was pre-adsorbed below an overlying porous layer of the ionic liquid at 90 K. The stabilised acetone is thought to be associated with pores containing ionic moieties. Destabilised acetone was also observed and thought to originate from pores containing octyl chains. The quantity of stabilised acetone scaled with the amount of IL, being ≈ 1.1 molecules per IL ion pair. SO2 and H2O were co-adsorbed with the IL at 90 K leading to an intimate mixture of the two. For pure SO2 the desorption energy was 32(2) kJ mol -1 , which increased to 40 -50 kJ mol -1 for relative concentrations up to 6 SO2 molecules per IL ion pair. For pure water the activation energies were 49(5) kJ mol -1 and 43(1) kJ mol -1 for amorphous and crystalline ice respectively. When co-adsorbed with the IL the stabilisation energies were 42 -49 kJ mol -1 , but up to 505 water molecules per IL ion pair could be stabilised to some degree. The desorption mechanisms and the reasons for these interactions are discussed.
solvent can be measured using solubility studies and Henry's law constants at different temperatures, and from enthalpies of mixing. However, these only give an average interaction whereas within an ionic liquid there will be ionic and non-ionic domains each capable of interacting over a range of energies with a dissolved solute. To gain a better understanding of the range of interactions involved between ionic liquids and small molecules, temperature programmed desorption (TPD) can be used, as a range of interactions will give a range of activation energies. Liquid ILs at room temperature and under the vacuum conditions necessary for TPD are unable to absorb small molecules, so to carry out TPD the temperature of the experiment must be lowered to ≈ 100 K, and the components are intimately mixed on an unreactive substrate so that they can interact in all possible ways. This leads to two possibilities.
Firstly, the IL solvent forms a porous solid structure with solute within the pores, or secondly the solvent becomes dispersed throughout a solid solute. Both provide a direct view of the range of solute-solvent interactions that must exist within the liquid at room temperature.
In this paper we investigate the interactions of three small molecules, acetone, sulfur dioxide and water with the ionic liquid 1-octyl-3-methylimidazolium tetrafluoroborate, [ and water were chosen as they are all small polar molecules, with SO2 of interest as a pollutant which could be captured using ILs. Multilayer quantities of the IL and the vapours were deposited onto a substrate at 90 K to study the interactions between the two. For the acetone work they were deposited sequentially, allowing each to form its own structure at 90 K, with diffusion of acetone and movement within the IL structure occurring during the subsequent TPD run. For SO2 and water, the IL and the vapours were co-adsorbed simultaneously. In this case the initial structure at 90 K was an intimate mixture of the two materials, with neither the IL nor the adsorbate having formed a separate layer with a separate structure. This led to a difference in behaviour during subsequent TPD compared to the acetone case. We find that all three molecules can be stabilised by interaction with the ionic parts of [OMIM] [BF4], the interaction energy going as high as 1.6× the activation energy for desorption of acetone and SO2. For water the situation is complicated by a phase change. The number of molecules stabilised per ion pair of [OMIM] [BF4] are 1.1 for acetone, 1.9 for SO2 and > 68 for water. We also find destabilisation by interaction with the octyl chain parts of [ 
Experimental
The UHV chamber which had a base pressure of 5 x 10 -8 Pa, has been described before [14] [15] [16] [17] [18] [19] . Briefly, the LOSMS comprised a liquid nitrogen cooled differential pump containing a Hiden RC511 quadrupole mass spectrometer (range m/z = 0.4 -510) operated in pulse counting mode with an ionisation energy of 70 eV and an ionisation current of 1 mA. The line of sight defining apertures were 3 mm and 6 mm diameter located 110 mm and 170 mm from the sample, forming an 8 mm focal spot on the sample surface. The sample was a Au(111) crystal of 10 mm diameter, ensuring that only signal from the sample was detected. The sample could be heated and cooled in the range 90 -700 K. A type K thermocouple attached to the copper mounting plate adjacent to the sample was used for sample temperature measurement. As the interaction of the adlayer with the sample is not of interest here, the Au (111) surface was prepared by simply heating to 680 K to desorb organic residues from the surface. This formed a reproducible, though uncharacterised, layer of carbonaceous material on the Au(111) surface which will be referred to as carbon covered Au (CCAu). When IL vapour (which comprises ion pairs) was deposited onto the CCAu at 90 K, the ion pairs stick where they land, forming a porous structure we will refer to as IL snow. Acetone, water and SO2 were dosed into the chamber via a leak valve from a separately pumped gas line, the pressure being measured with an ion gauge. The purity of all three was checked using the mass spectrometer in non line of sight mode (i.e. without liquid nitrogen cryo-pumping).
Temperature programmed desorption was carried out by heating the sample at 0.5 K s -1 and recording the total pressure, the temperature and appropriate ion intensities from the adsorbates using the LOSMS.
During TPD the chamber pressure due to desorption of adsorbate from surfaces other than the CCAu sample can become large enough (≈ 10 -7 mbar) that the vapour can reflect from the sample surface into the LOSMS, thus giving a small spurious signal. This can be removed by a background pressure subtraction method, where the total pressure curve is subtracted from the ion intensity curve of the adsorbate after suitable intensity calibration using a high temperature reflection feature. The method is described in ref 20, 21 .
TPD can be described using the Polyanyi-Wigner equation
where θ is the coverage, (θ = 1 being a saturation layer), t is time, A the pre-exponential factor, n the order of reaction, Ea the activation energy for desorption, T the temperature and R the universal gas constant. For simple multilayer desorption where θ > 1, the order is expected to be zero as each layer has the same surface area and the same bonding to the layer below. This gives a common leading edge for dθ/dt versus T for increasing initial coverages, followed by a rapid drop as the surface coverage is exhausted. A leading edge analysis can be carried out on this zero order data by plotting ln(dθ/dt) versus 1/T which has a gradient of Ea/R and an intercept of A. Desorption simulations were carried out using the Polyanyi-Wigner equation where the rate of desorption was calculated for a short time increment at temperature T, followed by decrementing the surface coverage appropriately and incrementing the time and temperature for a new iteration, until desorption was complete. Such simulations, where A, n and Ea are fitting variables, can be matched to the experimental behaviour.
Results

Desorption of [OMIM][BF4]
To Fig. 1A . θIL = 1 was defined as the desorption peak which was clearly first order, prior to transitioning to a zero order peak shape with a common leading edge for higher (multilayer) coverages. A leading edge analysis of the zero order multilayer desorption peak gave an activation energy of E a = 126(4) kJ mol -1 and a pre-exponential of A = 5x10 14(1) s -1 . Simulations of the multilayer TPD curves using these values matched the experimental curves, Fig. 1B , as expected. The rather slow drop from maximum desorption rate for the zero order curves is probably due to the reaction order were measured at an average desorption temperature of 425 K, where as the previous bulk desorption parameter 14 (Ea = 136(3) kJ mol -1 , A not determined) was measured at an average temperature of 520 K.
The activation energy for IL multilayers on CCAu is significantly smaller than the bulk value but this is not due to the difference in temperature, as Ea would be expected to increase with decreasing temperature 14 . The difference may be due to the small, finite thickness of the IL multilayers here (and their image charges) leading to a reduced Madelung potential for the ions and hence a smaller activation energy for desorption of the IL ion pairs 18, 22 . 
Desorption of acetone
Acetone on CCAu
Acetone on IL glass
Acetone was adsorbed onto the IL glass at 100 K (formed by cooling the IL liquid layer from 300 K) and TPD carried out. For multilayers the curves showed the same zero order shape as for adsorption on the CCAu surface, and gave the same Ea and A values by leading edge analysis. For the monoalyer a good fit was found using first order desorption with a linearly changing activation energy Ea = 38.5 kJ mol -1 (θAc=1) → 37 kJ mol -1 (θAc=0) and a pre-exponential of A = 1.5x10 16(1) , i.e. essentially the same as for adsorption on the CCAu surface. This is consistent with the IL glass being terminated by octyl chains, such that the IL glass and the CCAu are both, effectively hydrocarbon surfaces. These results are consistent with the IL glass being impermeable such that no acetone penetrated the surface.
Acetone on IL snow
Acetone coverages of 0.6 ≤ θAc ≤ 25 were deposited onto IL snow having a constant coverage of θIL = 10
at ≈ 90 K. TPD scans were then taken on subsequent heating, q Ac = 35 q Ac = 16 q Ac = 7.7 q Ac = 3.6 q Ac = 2.0 q Ac = 1.0 the pores of the IL snow which places acetone in close proximity to the ionic parts of the IL (including ions at the surface of the IL). For θAc = 6.3 or 6.4 a low temperature peak grows at 118 -120 K, which increases in intensity and moves to a slightly higher temperature for θAc=25. This low temperature peak is due to multilayers of acetone, but lies at a substantially lower temperature than multilayers of pure acetone on CCAu. We attribute this to destabilised acetone within the pores of the IL snow. For the highest coverage (θAc = 25) the destabilised actone peak has grown and become approximately zero order with at peak at ≈ 124 K. A peak has also begun to grow at ≈ 135 K which corresponds to formation of multlayers of pure acetone as observed for multilayers on CCAu and the IL glass. We assume this 135 K peak is due to multilayer growth on the outside of the IL snow, such that the acetone bonding is the same as pure solid acetone. The activation energy of the low temperature part of the peak, using a leading edge analysis, was 36(2) kJ mol -1 with A = 4 x 10 15(1) s -1 , which is lower than the 38 kJ mol -1 for pure acetone on CCAu, indicating that the acetone has grown as a structure that is less stable within the pores of the IL snow. We suggest that this occurs in regions of the IL snow that are dominated by the octyl chains of the The desorption data from 130 -200 K could be modeled approximately using a summation of 11 first order desorption curves with activation energies from 40 -62 kJ mol -1 in 2 kJ mol -1 steps using A = 4x10 15 (1) s -1 , see Fig. 3B . The fit aims to simulate a continuum of activation energies rather than simply 11 discrete adsorption sites. This simulation adequately duplicates the acetone TPD behaviour indicating that the acetone deposited on the surface of the IL snow has diffused into it and become stabilised over this range of interaction energies. The total amount of stabilised acetone accommodated in the simulation is θAc,stab = 2.5, i.e. θAc,stab / θIL = 0.25 for acetone adsorbed directly through the IL snow surface. This is consistent with acetone penetrating some layers down into the IL snow (≈ 5), but not through the entire 10 layers of IL.
Acetone adsorption beneath IL snow
To increase the possibility of acetone/IL snow interaction, acetone was absorbed first on CCAu, followed by adsorption of the IL at ≈ 90 K to form on over-layer of IL snow. In this way the acetone was forced to pass through the IL snow during TPD. Two types of experiment were carried out: different coverages of acetone were adsorbed beneath a constant coverage of IL, and an excess amount of acetone was adsorbed beneath different coverages of IL. The stabilised region from 140 -200 K for all three IL coverage was fitted using the sum of 7 first order desorption curves with activation energies from 45 -57 kJ mol -1 in increments of 2 kJ mol -1 , region A, and an eighth with an activation energy of 61 kJ mol -1 , region B, Fig. 5B . A pre-exponential of 4.3x10 15 s -1 was used and the initial coverages were adjusted to obtain a good match to the overall shape of the experiment. Fig. 5A shows the fit for θIL =5, while the fits to the other two coverages are shown in the ESI. We assume that the adsorbed acetone layer within the IL pores is one molecule thick, which justifies the use of first order desorption kinetics. As the pore surface area greatly exceeds the geometrical surface area of the sample for which θAc = 1 is defined, values of θAc > 1 in our simulations are expected. Figure 
Discussion of acetone stabilisation
Acetone adsorption on the IL glass at 90 K showed the same multilayer desorption behaviour as for adsorption on the CCAu surface. This is consistent with the acetone being unable to penetrate either surface and hence it simply forms multilayers of pure, solid acetone. The monolayer of acetone on the IL glass did show a slightly lower activation energy consistent with adsorption on a surface in which the acetone-IL adsorption bonding is less than acetone-acetone bonding. This is consistent with the IL glass having a surface structure similar to the IL liquid from which it was formed, consisting of octyl chains at the surface with the ionic moieties subsurface, such that the acetone can only van der Waals bond with the alkyl chains.
For acetone lying below the IL snow we propose the following model. The acetone was deposited onto the CCAu surface at 90 K which was ≈ 0.7 of the acetone desorption temperature, indicative of reasonable mobility at the adsorption temperature. The acetone therefore probably had sufficient surface mobility to grow as a reasonably compact solid. The IL was deposited on top of the acetone, also at 90 K, which is very much lower than the glass transition temperature of [OMIM] [BF4] (192 K 1 ) and only 0.2 of the IL desorption temperature. We therefore assume that during adsorption the IL ion pairs in the gas phase stick where they land, and are unable to diffuse to form a compact structure. The IL is therefore an open network of ion pairs containing molecular sized pores where the cationic and anionic moieties as well as the octyl chains on the cations are exposed to vacuum via the pores, Fig. 6A . The stabilised acetone we broadly associate with acetone interacting with the charged, ionic parts of the IL. The destabilised acetone can be due to acetone interacting with the octyl chains on the cations or possibly a disordered form of adsorbed acetone with a lower activation energy for desorption. Figure 6A shows a schematic of the starting arrangement of a fairly compact acetone layer surmounted by a disordered IL snow containing pores, where the pores can range in structure from those lined solely with octyl chains through to those lined solely with ions. This will give pores that can stabilise acetone to different degrees, and pores that will destabilise acetone to different degrees, depending on the mix of charged and alkyl species. As the temperature rises to ≈ 120 K the acetone becomes sufficiently mobile that it can diffuse below and into the overlying IL snow. For an excess of acetone, all the pores are filled, snow has virtually all the IL at internal surfaces, which is only consistent with a high surface area material with nm sized pores. This is supported by the smaller amount of acetone (0.5 molecules per IL ion pair) which could be stabilised when it had to first diffuse down into the IL snow from acetone adsorbed above the IL, nm sized channels being a significant barrier compared to easy desorption into the vacuum. We therefore suggest that the pores were nm in size and not large enough to allow solid acetone to condense within them.
Desorption of SO2
TPD of SO2 was monitored using m/z = 64 (SO2 + ) and 48 (SO + ). Both behaved identically indicating that no chemical reaction occurs between the surface and SO2. The m/z = 64 data is presented below and it should be noted that as the IL has a fragment at m/z=64, the desorption of the IL was monitored by this fragment at elevated temperatures. Figure 7A shows TPD scans of pure SO2 from the CCAu surface for initial coverages of θSO2 = 1 -37. As for acetone and IL desorption described above, θSO2 = 1 was defined as the highest coverage that exhibited a first order desorption profile. A leading edge analysis of the highest coverage scan gave Ea = 32(2) kJ mol -1 and a pre-exponential of 6x10 14(1) s -1 and simulated zero order TPD curves using these values fitted the experimental data very well. The monolayer coverage of SO2 was fitted with a first order curve with Ea = 32 kJ mol -1 and A = 1x10 15 s -1 .
Two types of experiment were carried out, which differed from those carried out for acetone in that the SO2 and the IL were co-adsorbed to increase mixing to the highest possible degree. In the first, different amounts of SO2 were co-adsorbed with a constant amount of IL at 90 K, followed by TPD. In the second, a constant excess amount of SO2 and different amounts of IL were co-adsorbed at 90 K, followed by TPD. Figure 7B shows increasing amounts of SO2 co-adsorbed with a fixed coverage of IL, θIL = 10, at 90 K.
Relative to the desorption of pure SO2 there is a stablilised region from about 120 K -180 K. For θSO2 ≤ 20 the amount of SO2 in the stabilised region grows, as does the amount in a slightly destabilised region with a peak at 120 K which moves to lower temperature for increasing coverage. The high temperature states above 130 K become saturated at θSO2 = 47. For θSO2 ≥ 25 the low temperature peak grows in intensity and shifts to higher temperature, behaving rather like a zero order peak. However, for the highest coverage of θSO2 = 110 this peak grows and broadens into an almost flat topped peak. This peak is partly stabilised relative to the pure SO2 but it shows no sign of turning into a zero order peak of pure SO2. Figure 7C shows TPD for increasing coverages of IL (θIL = 4.0, 8.7 and 12) for a fixed amount of SO2 (θSO2 = 50±4). In the region 130 to 180 K the envelope of stabilised states increases as the IL coverage increases such that more SO2 is stabilised. At lower temperatures, a single peak is seen at 120 K which decreases in intensity as the IL coverage increases, consistent with more SO2 moving into stabilised states for T > 130 K as the IL coverage increases. The high temperature states from 130 -180 K for all three SO2 coverages in Fig. 7C were fitted using the sum of seven simulated first order states with activation energies that incremented by 2 kJ mol -1 using A = 6x10 14 s -1 . The fit for θIL = 12 is shown in Fig. 8A while Fig. 8B shows the distribution of states as plots of initial SO2 coverage versus activation energy. The shape of the distribution remains the same but simply increases as the IL coverage increases. A plot of the total stabilised SO2 coverage versus IL coverage was linear within error with a gradient of θSO2 stab / θIL = 1.9, i.e. approximately two layers of SO2 were stabilised per layer of IL.
We suggest the following explanation for this behaviour. As the components were co-adsorbed there was no pre-existing IL structure and the SO2 and IL were intimately mixed. The SO2 is able to diffuse below 130 K allowing it to move and form stabilised regions where the SO2 interacts with the ionic parts of the IL. The remaining SO2 is left residing in areas where the octyl chains exist, or consolidating into solid SO2. In figure 7C which has a fixed but relatively low amount of SO2 (θSO2 = 50) the behaviour is simple, with a single peak at 120 K which decreases in intensity, and the stabilised states from 130 -180 K which increase in intensity, as the IL concentration increases. The peak at 120 K is slightly stabilised relative to pure SO2 desorption, so we suggest that SO2 interactions with alkyl chains are somewhat stronger than SO2 -SO2 interactions. After desorption of the SO2 associated with the alkyl chains, the stabilised SO2 associated with the IL ion pairs is now compact enough that it can be regarded as a porous structure with stabilised SO2 within the pores, similar to Fig. 6C . Further heating allows the stabilised SO2 to desorb.
However, when the adlayer is very thick with θSO2 = 110 and θIL = 10, Fig. 7B , the low temperature peak broadens into a flat topped peak which drops in intensity at a much higher temperature; compare with θIL = 4 and θSO2 = 50 in Fig. 7C , which has a similar ratio of SO2 to IL, but very different behaviour of the low temperature peak. We think this can be explained as follows. Initial desorption from the thick mixed layer occurs from the top layers as SO2 desorbing from the alkyl chain areas. As this occurs it forms a more compact layer of IL containing stabilised SO2 above lower layers which still contain SO2 associated with alkyl chains. This compact layer presents a barrier to desorption of the weakly bound SO2 which causes it to desorb at a higher temperature, causing the flat topped peak as follows. First the stabilised SO2 starts to desorb from the top layers at about 130 K. This opens up channels through which SO2 from below can desorb, which maintains a high rate of desorption. As the temperature rises, more stabilised SO2 desorbs opening more channels and maintaining a high desorption rate. By 135 K the more weakly bound SO2 becomes exhausted, giving the abrupt drop on the high temperature side of the peak. The main difference between the acetone situation and the SO2 situation, was that the acetone diffused into and out of a pre-formed IL porous structure, whereas the SO2 was co-adsorbed with the IL which led to a relatively impervious layer of IL/stabilised SO2 capping more weakly bound SO2 below. For acetone the maximum desorption energy was 1.6x the multilayer desorption energy. For SO2 the maximum desorption energy was also 1.6x the multilayer value. Both are significant stabilisations. For the stabilised SO2 above 130 K, θSO2/ θIL = 1.9 which, using the molar volumes of the materials as described for acetone, corresponds to approximately 6 SO2 molecules per IL ion pair. This is much higher than the acetone value of ≈ 1.1 acetone per IL ion pair. The difference may be due to using coadsorption for SO2.
Desorption of H2O
TPD of H2O was monitored using the parent ion, H2O + (m/z = 18). Although the OH + (m/z=17) gave the same TPD profile as H2O + , it was not used as it was superimposed on a background which was ≈ 50% of the maximum signal. This background was unrelated to desorption from the sample and probably originated from within the ionisation region of the mass spectrometer. Figure 9A shows TPD scans of pure H2O from the CCAu surface for initial coverages of θH2O = 1 -821. As for the other adsorbates, θH2O
= 1 was defined as the highest coverage that exhibited a first order desorption profile, see ESI. The TPD curve for a monolayer of water could be fitted with Ea = 47(1) kJ mol -1 and a pre-exponential of 2x10 15(0.5) . This first order desorption peak evolved into a zero order peak up to θH2O = 10, but for higher coverages (see θH2O = 31) there was a decrease in the desorption rate at ≈ 150 K, followed by a return to zero order kinetics for higher temperatures. The decrease in the leading edge intensity is due to a solid state phase change from amorphous ice at low temperature to crystalline ice at higher temperature 24 . The low temperature side due to amorphous ice, θH2O = 31, was fitted using the leading edge and simulated, see ESI, giving E a = 49(5) kJ mol -1 and a pre-exponential of 3x10 17 (2) For initial coverages up to θH2O = 117 the water appears to be filling an identifiable range of states. For θH2O = 117 there is a stabilised peak at T ≈ 170 K, and another peak at T ≈ 155 K which is very similar to that for pure water desorption and so essentially non-stabilised. Using the molar volume for water (1.80 x 10 -5 m 3 mol -1 ) the surface concentration of an average water monolayer is 1.04 x 10 19 molecules m -2 for θH2O = 1 while for the IL it is 1.78 x 10 18 molecules m -2 for θIL = 1 (see acetone section for the calculation). So for θH2O = 117 and θIL = 10, θH2O / θIL = 11.7 which corresponds to ≈ 68 water molecules per ion pair. This is a rather large number of water molecules for each ion pair and not consistent with any idea of a solid, porous IL structure being responsible for the states between 140 and 175 K for θH2O = 117. For θH2O = 278 -864 it is no longer possible to discern two peaks, the entire peak growing in intensity and moving to higher temperature as the water coverage increases. For the highest coverage, θH2O = 864, a broad intense peak grows at ≈ 180 K. We concentrate our analysis on the θH2O = 338 and 864 curves, Fig. 10 . Fig. 10A . By using two linear changes in Ea which switch from one to the other at a given temperature, 164 K, Fig. 10B , rather than at a given coverage, the simulations show a good fit to experiment for θH2O = 338, and an reasonably good fit for θH2O = 864, Fig. 10A ) for the initial stages of desorption below 150 K. However, for the highest coverage used here, Ea ≈ 42 kJ mol -1 which is the same as the activation energy for pure, crystalline water, implying that the water is already crystalline at low desorption temperatures due to the presence of the IL. For all of these simulations a pre-exponential of A = 10 15 was used as this is the pre-exponential used for the pure crystalline water. As desorption proceeds, and the water coverage drops, the IL concentration increases causing the stabilisation of the water to increase, as observed by the increasing value of Ea. For water coverages θH2O < 50 during the final stages of desorption, the water is stabilised at about 48-49 kJ mol -1 which may correspond to the IL ion pairs moving to surround water molecules and hence provide strong stabilisation. All the water in the θH2O = 864 curve is stabilised to some degree by the ionic liquid which has a coverage of θIL = 10, giving θH2O / θIL ≈ 80. This corresponds to ≈ 505 water molecules per ion pair, which is a long range effect. For SO2 a somewhat similar flattening and broadening of the desorption curve was observed for thick adlayers where it was argued that desorption from the outer layers formed a relatively impermeable outer layer of saturated porous IL, which then retarded desorption of species from below. However, for the high coverages of water here, the IL is so low in concentration, that it seems impossible that the ion pairs could coalesce to form a similar outer layer of saturated porous IL. The change in gradient of Ea versus θH2O occurs at 164 K. For the initial coverage θH2O = 864 this occurs at θH2O / θIL ≈ 70, so it is not possible to argue that it has anything to do with a structural change in the ionic liquid. We suggest the following to explain the change in Ea versus θH2O. When the IL and water were deposited at 90 K, the IL arrived as ion pairs and became embedded within excess water as separate ion pairs. The IL therefore interacted with the surrounding water via a dipole field to stabilise it. Water close to the octyl chain would be destabilised. As the temperature increased water desorbed and the IL dipoles became relatively denser within the water matrix, but the IL dipoles were still isolated from each other.
At 164 K, the ion pairs dissociate into separate ions 23 and can move apart such that each is surrounded by stabilised water molecules. The electric field of the ions is longer range than that of a dipole, so more water at greater distance from the ions can be stabilised. This leads to the flattening of the gradient of Ea versus θH2O as the longer range interaction means a slower change in Ea with coverage.
Discussion and Conclusion
The ionic liquid [OMIM] [BF4] when deposited from the vapour at 90 K, forms a highly porous solid structure. The interior surfaces of the pores have a range of compositions from being lined with the ionic parts of the cations and anions, through a mixture of ions and octyl chains, to pores lined predominantly with octyl chains. These pores provide a continuum of adsorption states which can stabilise or destabilise an adsorbate relative to the bonding in the pure material. We associate the stabilised states with adsorption onto the ionic parts of the ionic liquid, and the destabilised states with adsorption onto the octyl chains. Acetone adsorbed on top of this porous structure interacts with the IL surface and is able to diffuse some way into it, equivalent to about five layers of the IL. By adsorbing acetone below the porous IL structure, the acetone is forced to pass through it during desorption allowing all the pores to be occupied. This gives stabilised acetone over an energy range of 45 to 61 kJ mol -1 , compared with the activation energy for desorption of pure acetone of 38 kJ mol -1 . The total amount of stabilised acetone was 1.1 acetone molecule per IL ion pair. Destabilised acetone was also observed as relatively sharp desorption peaks at temperatures below that for pure acetone desorption. These were attributed to acetone adsorbed in pores lined predominantly with octyl chains. During desorption the density of highly stabilised states at 61 kJ mol -1 grew for IL coverage between 20 and 35 layers. This was attributed to either the formation of a disordered ionic underlayer at the surface of the IL where the interaction of acetone with the ions would be strongest, or possibly a more general structural change in the IL due to dissociation of the ion pairs 23 into separate ions, causing a general increase in the number of these highly stabilised sites.
Sulfur dioxide and water were each co-adsorbed with the IL at 90 K to maximise the interactions between the two. For SO2 a well defined set of stabilised states from 40 to 54 kJ mol -1 were observed, compared to 32 kJ mol -1 for pure SO2. The total number of SO2 molecules in these stabilised states was 6 SO2 molecules per IL ion pair. These stabilised states occurred for SO2 to IL coverages ratios which might reasonably lead to the formation of a porous IL structure. For higher SO2 to IL coverage ratios, where the IL ion pairs are embedded in a matrix of SO2, an intense, flat topped, broad desorption peak was observed.
This was thought to be due to the formation of an outer, relatively impervious layer of porous IL which still containing stabilised SO2 within the pores. This layer prevented destabilised SO2 from deeper in the surface from desorbing until stabilised SO2 starts to desorb which open up channels for desorption of SO2 from below.
For water which was co-adsorbed with the IL at 90 K, there appeared to be a range of stabilised states, but these corresponded to ≈ 68 water molecules per ion pair and hence could not be attributed to any kind of porous IL structure. For very large water coverages of ≈ 505 water molecules per ion pair, virtually all the water was stabilised to some degree with an activation energy that increased with decreasing coverage.
The activation energy changed linearly with decreasing coverage from 42 to 45 kJ mol -1 and then from 45
to 49 kJ mol -1 . The switch between the two linear regimes occurring at 164 K. We associate the lower energy change with IL ion pairs embedded within a matrix of water, the energy rising with decreasing coverage as the proportion of water lying close to the ion pair dipole increases. At 164 K the ion pairs dissociate into separate ions providing a stronger, longer range interaction with the surrounding water which accounts for the higher energy change. Pure water had desorption energies of 49 kJ mol -1 for the amorphous phase and 43 kJ mol -1 for the crystalline phase which virtually covers the energy range for the water/IL mixtures. So rather than particularly stabilising the water, the IL tends to modify the hydrogen bonding network of pure water.
